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Abstract—Highly efficient resonantly enhanced modulators on
-cut LiNbO3 are investigated through the use of numerical op-
timization. We describe the optimization technique and present a
new design trend relating the link-gain efficiency of optical radio
systems that employ external modulation to the choice of modu-
lator electrode geometric dimensions, especially the electrode gap.
Using this optimization technique, resonant-type modulators with
link gain enhancement up to 6 dB are achievable while maintaining
excellent return loss at a resonant frequency of 1.8 GHz. The char-
acteristics of both the optical waveguide and the coplanar electrode
are characterized by finite-element simulation.
Index Terms—Adaptive simulated annealing LiNbO3, link gain,
narrow bandwidth, optical modulator, optimization, resonant en-
hancement.
I. INTRODUCTION
MACH–ZEHNDER modulators (MZMs) on LiNbO haveproven to be essential devices for optical fiber commu-
nication systems. Conventional modulators commonly employ
a traveling-wave electrode structure [1]. This device offers large
bandwidth but only modest modulation efficiency, which leads
to high half-wave voltage ( ). LiNbO modulators with band-
widths up to 100 GHz have been demonstrated [2]. However,
the radio-frequency (RF) links that use MZMs suffer substan-
tial RF link loss due to high . In some telecommunication
applications, such as in radio-on-fiber [3], only a narrow band-
width around the center frequency is required, but these applica-
tions possess stringent RF link-gain requirements for practical
use [4]. Thus, it is desirable to reduce the modulator bandwidth
around the center frequencies to achieve highly efficient modu-
lator devices using resonant enhancement techniques.
Recently, several resonant-type modulator structures have
been proposed in the literature [5]–[9]. These modulators
provide very strong modulation efficiency per unit length and
low half-wave voltage length product (25 Vmm in [9], for
example). However, these devices focused only on modulation
efficiency of very short electrode structures (on the order of
millimeters) for the active section. The consequent result is that
the actual modulation efficiency is low compared with standard
traveling modulators with large electrode geometries [2] and
thus may not offer significant benefit in terms of RF link gain
efficiency. In [10], the electrode structure was optimized so that
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electrode length was made large. By lengthening the electrode,
the can be reduced significantly, from 17 V in [9] to 5.8 V
in [10] with a 29.624-mm electrode. However, that is still
higher than the of standard traveling modulators [2]. Hence,
good modulation enhancement does not always lead to good
link-gain enhancement.
In another approach [11], a very long traveling-wave elec-
trode was employed to reduce the drive voltage. In order to at-
tain a long coplanar waveguide (CPW) electrode, a large gap
was used to reduce electrode loss. With a very long electrode,
the drive voltage was lowered significantly to less than 1.2 V
with dual drive.
In this paper, we theoretically investigate a Fabry–Pérot-type
resonantly enhanced modulator [12] on -cut LiNbO with
long electrodes. Particular emphasis is placed on the tradeoff
between improving inherent with weak enhancement and
reducing loss at the expense of the inherent in order to get
strong modulation enhancement.
The theoretical analysis is performed using numerical opti-
mization to explore highly efficient resonantly enhanced modu-
lators. It will be shown that by optimizing electrode geometric
parameters such as the electrode gap, electrode width, electrode
thickness, and buffer-layer thickness, it is possible to obtain
a strong modulation enhancement while at the same time re-
ducing the inherent . Thus, the total net effect is an improved
link-gain performance.
In Section II, the theory of operation and the configuration
of the resonantly enhanced MZM (RE-MZM) is reviewed, and
an expression for the modulation efficiency as a function of
half-wave voltage is also developed. The finite-element method
(FEM) simulation techniques used to predict RF performance
and inherent are outlined in Section III. A brief parameter
study of the impact of electrode geometry on RF attenuation
and inherent is presented in Section IV. Section V presents
the optimization approach used in this investigation. The results
of the optimized RE-MZM based on the applied optimization
scheme are presented in Section VI. Section VII presents a sum-
mary and suggestions for future work.
II. RESONANTLY ENHANCED MODULATOR AND RF LINK GAIN
As presented in [12], introducing load mismatches at
both input and output ports of the modulator to form a
Fabry–Pérot-type cavity will result in most of the microwave
signal’s forming resonant standing waves. Strong field en-
hancement at the resonant frequency can be obtained, provided
0733-8724/04$20.00 © 2004 IEEE
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Fig. 1. Equivalent circuit of resonantly enhanced modulator.
low-loss electrodes can be achieved. With terminations at both
input and output ports, good return loss is also achievable. The
load mismatches can be realized by shorted CPW stub circuits
[12], [13], which are effectively inductively coupled. In this
paper, the terminations are simply modeled as inductors. The
equivalent circuit model of a resonant electrode structure is
shown in Fig. 1.
The link gain of an RF-over-fiber link that employs an
external modulation scheme when the modulator is biased at
quadrature and under small signal operation is expressed as
[14]
(1)
The link gain factor of the modulator is given by
(2)
where is the voltage reflec-
tion coefficient at modulator input, is the total impedance
of the modulator, which includes the electrode characteristic
impedance and the terminations, is the impedance of the
microwave source, and other variables are as in [14]. is
a good indication of how resonantly enhanced modulators im-
prove the link gain as it includes the effects of modulation effi-
ciency, half-wave voltage, and impedance matching.
The frequency-dependent half-wave voltage is defined as
(3)
where is the input voltage amplitude and is the total
accumulated phase change in two arms of a modulator due to
Pockel’s effect. is given by
(4)
where defines the inherent strength of electrooptic interac-
tion of the electrode structure. The frequency-dependent nor-
malized induced phase shift is given by
(5)
where is the effective index of the guided optical mode,
is the complex voltage at point along the active section of elec-
trode, and is the length of the active section of the electrode.
Inherent is a property of the modulator cross section.
is related to electrode loss, index match, and resonant enhance-
ment. shows the modulation efficiency of the resonant elec-
trode.
Fig. 2. Cross section of the modulator.
As can be seen from (1)–(4), the link gain is dependent on
inherent , modulation efficiency , and total modulator
impedance . Optimal modulator impedance at the resonant
frequency can be obtained by carefully choosing the termina-
tions. Hence, electrode characteristic impedance is not of pri-
mary importance. Furthermore, the electrode microwave index
is not highly significant for narrow-band operation; thus, some
of the design tradeoffs usually associated with broad-band mod-
ulator design can be relaxed.
For resonant-type modulators, modulation efficiency is
mainly determined by electrode loss [9], [12]. In [5] and [9],
the length of the electrode is shortened to reduce total electrode
loss. If we can reduce electrode loss so that the electrode can
be made longer to get longer interaction length, the modulation
efficiency will be higher. Therefore, it is desirable to design
electrode structures that simultaneously provide low inherent
and low loss. In the next sections, the dependency of elec-
trode loss and inherent on electrode structure is explored
through the use of the FEM.
III. FEM SIMULATION TECHNIQUES
Fig. 2 shows the cross section of a Mach–Zehnder optical
intensity modulator with CPW electrode on -cut LiNbO .
is the width of the hot electrode, is the gap between the hot
electrode and the ground plane, is the thickness of the buffer
layer, is the electrode thickness, is the distance between
two optical waveguides, and is the distance from the center
of the first optical waveguide to the hot electrode wall.
A. Simulation of Microwave Properties
The microwave properties of the CPW have been simulated
using a two-dimensional (2-D) vector finite-element electro-
magnetic simulator. This implementation uses a first-order edge
element as described in [15]. A subspace iteration eigenvalue
solver is used to identify the eigenvalues and eigenvectors of
the coplanar structure. From these eigensolutions, the charac-
teristics, including microwave effective index ( ), microwave
propagation loss ( ), and characteristic impedance ( ), can
be calculated. These characteristics describe the microwave be-
havior of the CPW cross section.
B. Simulation of Inherent
Inherent can be calculated as [16]
(6)
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Fig. 3. Variations of electrode loss and inherent V with electrode gap G.
where is the free-space optical wavelength, is the extraor-
dinary refractive index of the substrate, is the pertinent elec-
trooptic coefficient, and is the overlap factor between the elec-
tric field of the lightwave and the electric field induced by the
electrode. Here we consider the push–pull configuration; there-
fore, the total overlap factor is equal to the sum ,
where and are overlap factors for each one of the optical
waveguides. The overlap factor of each waveguide is defined as
(7)
where is the applied voltage, is the normalized optical
modal electric field, and is the normalized electric field of
the electrode structure. The optical field profile is calcu-
lated using a scalar, 2-D finite-difference simulation. The elec-
tric field is approximated by the static electric field. This
static electric field is calculated using a modification of the
finite-element code of Section III-A that solves the diffusion
equations for the static voltage.
IV. ELECTRODE STRUCTURE DEPENDENCY OF ELECTRODE
LOSS AND INHERENT
As stated previously, both the electrode loss and inherent
should be reduced to increase the link gain. Using the FEM
described in Section III, we now explore how these two pa-
rameters are affected by electrode cross-sectional dimensions.
In all FEM calculations, the conductivity of gold is taken as
s/m. The optical waveguide width and thickness are
7 m and 1000 Å, respectively. The diffusion lengths of the op-
tical waveguides are 4 m. The modulators are designed to op-
erate at 1.55- m wavelength.
A. Electrode Gap
Among the electrode cross-sectional parameters, the gap be-
tween hot electrode and the ground plane has a strong effect
on both electrode loss and inherent [11]. Fig. 3 shows the
relationship between electrode loss and inherent with varia-
tion in the electrode gap. In this case, the buffer layer thickness
0.2 m, the electrode thickness 30 m, and the
hot-electrode width 16 m. It can be noted that electrode
loss reduces significantly with increasing electrode gap. How-
ever, the electrode gap should be reduced to lower inherent .
Fig. 4. Hot-electrode-width dependency of inherent V and electrode loss.
Here buffer layer thickness is 0.2 m, electrode thickness is 30 m, and the
electrode gap is 29 m. Minimum optical waveguide separation is 20 m.
Therefore, it is not obvious whether a large or small gap should
be used to optimize link gain. The tradeoff needs to be explored.
B. Hot-Electrode Width
For -cut devices, two optical waveguides have to be placed
in the gap between the hot electrode and ground plane to uti-
lize the largest electrooptic coefficient of LiNbO as shown
in Fig. 2. The optical waveguides should be placed at the points
where they will get strongest electrooptic interaction to increase
the overlap integral factor . Therefore, inherent is also de-
termined by the optical waveguide positions. From FEM simu-
lation, it is found that 2 m results in the strongest elec-
trooptic interaction. This result agrees reasonably well with that
reported in [17].
To ensure minimal coupling between optical waveguides to
maintain good extinction ratio, the optical waveguides cannot
be placed too close to each other. A minimum separation (
20 m) has to be maintained between two optical waveguides.
Due to the restriction on waveguide separation, it not always
possible to place both optical waveguides at optimal positions.
Therefore, for the modulator fabricated on -cut LiNbO , in-
herent is strongly affected by the width of hot electrode ,
as illustrated in Fig. 4. When the hot electrode is very narrow,
two optical waveguides with minimum separation 20 m
cannot be placed at optimal positions; thus, inherent is high.
Once the electrode width is increased to above 16 m, it is pos-
sible to place both electrodes in their optimal positions, as in-
dicated by the flattening in in Fig. 4. Fig. 4 also shows the
variation of the electrode loss with hot-electrode width. It can
be seen that the loss decreases only marginally as hot-electrode
width is increased. Thus, a large electrode width should be used
for optimal link gain.
C. Buffer-Layer Thickness
The buffer-layer thickness also plays a very important role
in the design of the optical modulator. The variation of inherent
with the buffer-layer thickness is shown in Fig. 5. It can
be observed that the reduction in buffer-layer thickness leads to
a significant decrease of inherent . Hence, for the purpose of
lowering inherent , the buffer-layer should be made very thin.
A finite buffer layer ( 0.2 m) is still required to minimize
Authorized licensed use limited to: RMIT University. Downloaded on November 23, 2008 at 19:58 from IEEE Xplore.  Restrictions apply.
NGUYEN et al.: RESONANTLY ENHANCED MODULATORS ON LiNbO 529
Fig. 5. Variations of inherent V and electrode loss with the buffer-layer
thickness T of a CPW electrode with gap–width–gap configuration of
29–6–29 m and electrode thickness of 30 m.
Fig. 6. Variations of electrode loss and inherent V with the electrode
thickness T . Here buffer-layer thickness T , electrode gap G, and electrode
width W were taken as 0.2, 29, and 6 m, respectively.
optical loss [1]. The electrode structure with a thin buffer layer
has a large microwave effective index, which increases velocity
mismatch. Large velocity mismatch will impact modulation, but
it is not necessarily detrimental for resonantly enhanced modu-
lators. Also shown in Fig. 5 is the electrode loss as a function
of buffer-layer thickness. The buffer-layer thickness has a weak
effect on the electrode loss. The loss increases slightly as the
buffer-layer thickness is reduced through the higher microwave
effective index, so a thin buffer layer allows for lower inherent
at the price of slightly increasing electrode loss.
D. Electrode Thickness
The last electrode dimension to be considered is the electrode
thickness . Its effects on electrode loss and inherent are
shown in Fig. 6. It can be noted that electrode loss decreases sig-
nificantly with the increase of electrode thickness . Inherent
is almost independent of electrode thickness. Thus, the elec-
trode thickness can be easily optimized for low electrode loss
with almost no penalty in inherent .
E. Summary
To summarize, inherent depends strongly on electrode
gap, width, and buffer-layer thickness, whereas electrode loss is
mainly determined by electrode gap and electrode thickness and
Fig. 7. Flowchart of the automatic synthesis procedure.
is only slightly dependent on buffer-layer thickness. Electrode
thickness and electrode width can be optimized to achieve low
electrode loss and low inherent without any conflict. How-
ever, the goals of simultaneously lowering of both inherent
and electrode loss compete when considering buffer-layer thick-
ness and, especially, electrode gap. A tradeoff must be made. In
the following sections, a numerical optimization technique will
be employed to explore this tradeoff.
V. OPTIMIZATION APPROACH
A. Optimization Procedure
Fig. 7 presents a diagram of the optimization procedure used
in this investigation. This is based on a similar procedure used in
[18]. It begins with a random set of modulator parameters. These
are then checked to see if they fall within parameter boundaries.
If the parameters are within boundaries, the modulator optical
response is modeled, and the results are assessed using a cost
function; otherwise, a new set of parameters has to be gener-
ated. The result of the current cost function is compared with
that of the previous iteration to determine if the solutions have
converged. If the normalized change in cost is smaller than a
specified tolerance, then the solution is deemed converged, and
the optimization is halted; otherwise, the current parameters and
cost are passed to the optimization routine, where a new set of
parameters is generated. This new set of parameters is checked
against the parameter boundaries, and the cycle continues until
the convergence criterion is met.
Adaptive simulated annealing (ASA) [19] is used as the op-
timization routine. ASA is an efficient search strategy and is
statistically guaranteed to find function optima [20].
B. Optimization Parameters and Parameter Boundaries
The optimization routine seeks the value of electrode cross-
sectional parameters (electrode thickness , buffer-layer thick-
ness , width , and gap ), electrode length , and termi-
nations , to increase the link gain. Loose constraints are
applied to optimization variables to ensure the optimized mod-
ulator can be practically realized. The optimization routine only
searches for variable values within their boundaries.
With current processing technology, the electrode and buffer
layer can be fabricated with thickness up to 30 and 1 m, re-
spectively. The length of the electrode must be less than 6 cm
[11]. A bias voltage can be applied to the same electrode using
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a bias-T device. A maximum value of 6 nH is placed on the ter-
minations so that they can be realized with shorted CPW stubs.
Parameter boundaries are summarized as
5 m 30 m
0.2 m 1 m
4 m 30 m
5 m 47 m
1 cm 6 cm
0 6 nH
C. Modulator Response Model
A numerical network model [21] was used to simulate the
electrooptic response of the modulator. The network model uses
the microwave properties of the electrode (electrode loss, mi-
crowave index, and characteristic impedance) and inherent
to model the electrooptic response. Microwave properties and
the inherent of modulators with a set of different geomet-
rical structures were calculated in advance by FEM methods, as
presented in Section III and stored in a table. Whenever the opti-
mization routine generates a new set of modulator geometric pa-
rameters, it will look up the data table to find the coresponding
microwave properties and inherent . The data are then for-
warded to the network model program to find the electrooptic
response of the modulator. Since the FEM calculation was not
called for each iteration, only modest optimization times were
required.
D. Optimization Cost Function
The primary objective of the optimization is to find a modu-
lator configuration that offers as high as possible link gain but
maintains acceptable RF return loss of 15 dB. The optimiza-
tion thus attempts to minimize the link loss, which is the re-
ciprocal of the link gain. If the return loss is greater than the
15-dB constraint, a significant penalty is applied to the cost
function. Optimization is conducted at a single resonant fre-
quency. Mathematically, the cost function can be written as
Cost
if 15 dB
else.
(8)
VI. OPTIMIZATION RESULTS
Having developed a suitable optimization algorithm in Sec-
tion V, we now employ it to explore highly efficient resonantly
enhanced modulators. In all optimization cases, a typical value
is assumed for the effective index of optical waveg-
uides. Frequency 1.8 GHz is chosen for investigation since
it is widely used in current telecommunications such as in a
Global System for Mobile Communications (GSM) architec-
ture.
A. Optimization With Buffer-Layer Thickness
In the first optimization case, the tradeoff between inherent
and the electrode loss associated with buffer-layer thickness
was examined. In this case, the electrode gap and width were
TABLE I
OPTIMIZATION RESULTS: CASE 1
kept constant at 29 and 6 m, respectively. The optimization
results are shown in Table I. The optimizer has evidently tried
to reduce electrode loss by increasing electrode thickness to its
maximum value. Because the gap and width are constant, the
only factor that influences inherent is buffer-layer thickness.
It can be observed that the optimizer has chosen a very thin
buffer layer to obtain lowest possible with given electrode
gap and width.
This optimized modulator is compared with a resonantly en-
hanced modulator with a thick buffer layer ( 1 m) to ex-
amine the trend on the choice of buffer-layer thickness. The loss
increases by about 23% as the buffer-layer thickness decreased
from 1 to 0.2 m. This increase of electrode loss leads to a
reduction of approximately 30% of normalized induced phase
shift . However, inherent is reduced significantly from
17.4 Vcm with 1 m to 11 Vcm with 0.2 m;
then, the corresponding link gain is 1.7 dB better than the thick
buffer-layer modulator.
The link-gain factor of the optimized RE-MZM is
12.5 dB, which is a 5-dB improvement over the traveling-wave
modulator with the same electrode structure without termina-
tions. Since two modulators with identical electrode structures
are compared, their inherent are the same. Thus, a 5-dB
link-gain improvement is only due to modulation efficiency
improvement related to resonant enhancement.
B. Optimization With Electrode Gap
As investigated previously, the electrode gap has a great im-
pact on both electrode loss and inherent , but the net effect
on link gain is not clear. The intention here is to use the opti-
mization algorithm to identify the effect of electrode gap on the
total link gain and optimization trends on the choice of electrode
structure. Optimizations (Cases 2–16) were run for fixed elec-
trode gaps ranging from 5 to 47 m in steps of 3 m. All other
parameters were set as variables.
The optimization results are summarized in Table II. There
are several trends that can be clearly identified. The electrodes
have become very thick to reduce electrode loss. The optimizer
automatically seeks reduced inherent with a thin buffer layer.
It can be seen from Table II that as electrode widths are variable,
hot-electrode width was increased so that optical waveguides
could be placed at optimal positions to get lowest inherent .
This phenomenon is clear when comparing the optimization re-
sults in Case 1 when hot-electrode width 6 m and the
Authorized licensed use limited to: RMIT University. Downloaded on November 23, 2008 at 19:58 from IEEE Xplore.  Restrictions apply.
NGUYEN et al.: RESONANTLY ENHANCED MODULATORS ON LiNbO 531
TABLE II
OPTIMIZATION RESULTS: CASES 2–16
Fig. 8. Normalized induced phase shift ' and link-gain factor M of
optimized resonantly enhanced modulators at 1.8 GHz.
case when the width was a variable with the same electrode gap
of 29 m. When the hot electrode is narrow, inherent is 11
Vcm; when the hot electrode is wider to 16 m, inherent is
reduced to 8.2 Vcm. The net result is that the link-gain factor
increases from 12.5 to 13.5 dB with a wider hot electrode.
Fig. 8 shows the relationship between the normalized phase
shift and the electrode gap . When the gap is large, elec-
trode attenuation drops (see Fig. 3). As a consequence, a strong
standing wave is built in the electrode, which causes increased
modulation depth. Modulation efficiency increases quite lin-
early with electrode gap when the gap is larger than 11 m.
However, the high inherent associated with this large elec-
trode gap limits the link gain. Fig. 8 also presents the effect of
electrode gap on link gain of resonantly enhanced modulators.
It can be observed from Fig. 8 that although inherent is de-
graded with increasing gap, it is still possible to achieve a better
link gain with large gap due to low loss. Thus, we can increase
the gap at the expense of inherent to get strong modulation
efficiency in order to improve link gain. Because electrode loss
is frequency dependent, at higher operating frequency (10 GHz,
Fig. 9. Link-gain factorM of the optimized resonantly enhanced modulator
(RE-MZM) compared with conventional traveling-wave electrode modulator
(TE-MZM-1) and two-step back-slot traveling-wave electrode modulator
(TE-MZM-2).
for instance), if the gap becomes wider, electrode length can be
increased in order to get longer interaction length to reduce drive
voltage, as investigated in [11].
With a wider gap, the inductance of the input termination is
also reduced. This is a desirable effect, because it will make
the realization of inductive terminations with shorted CPW [22]
easier.
C. Link-Gain Comparison
It is useful to identify the degree of improvement in terms
of link gain that an optimized resonantly enhanced modulator
offers over unenhanced traveling-wave electrode modulators.
The link-gain factor of an optimized resonantly enhanced mod-
ulator with 47- m electrode gap and two unenhanced modula-
tors are calculated from 1.6 to 2 GHz and are shown graphi-
cally in Fig. 9. The first unenhanced modulator (TE-MZM-1)
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Fig. 10. Return loss of optimized resonant modulator. Electrode gap is 47 m.
is the resonantly enhanced modulator with the inductive termi-
nations removed. Instead, it is terminated with 50- load at the
output port. The second unenhanced modulator (TE-MZM-2) is
a high-performance broad-band modulator from the literature.
This consists of a traveling-wave modulator on thinned -cut
LiNbO substrate with two-step back-slot structure [23]. At 1.8
GHz, the optimized resonant-type modulator gives more than
6-dB improvement in link gain over both traveling-wave elec-
trode modulators.
The RF return loss of the optimized resonant modulator with
a 47- m electrode gap is shown in Fig. 10. It is clear that the
resonantly enhanced modulator not only offers good link-gain
enhancement but also provides excellent RF return loss (better
than 30 dB) at the resonant frequency. Although the charac-
teristic impedance of the electrode structure is fairly low (37 ),
perfect impedance matching is still possible by optimizing the
terminations.
VII. CONCLUSION
In this paper, we have presented an investigation of reso-
nantly enhanced optical modulators using a numerical optimiza-
tion tool. FEM simulation, together with a numerical network
model, has been employed to characterize the electrooptic re-
sponse of resonant-type modulators. It is shown that electrode
loss is the main factor that limits the modulation efficiency of
resonantly enhanced modulators. By using thick electrodes and
increasing the gap between hot electrode and ground plane to
lower the attenuation, it is possible to obtain strong modulation
efficiency with long electrodes. The high inherent associated
with larger electrode gap can be compensated by using a thin
buffer layer. For resonantly enhanced modulators fabricated on
-cut LiNbO , hot electrodes can also be widened to optimal
width to further reduce inherent .
By optimizing electrode cross-sectional parameters, strong
modulation efficiency is achievable with resonant-type
electrodes, at the same time reducing inherent . Strong mod-
ulation efficiency together with low inherent increases the
link gain significantly, so that the modulators can be employed
on radio-on-fiber links without the need of very high gain RF
amplifiers at the remote stations.
The optimization tool and network model are not limited to
the Fabry–Pérot type of resonantly enhanced modulators. They
can be extended to investigate the performance of optical modu-
lators with arbitrary electrode configurations such as short-path
[9] double-stub [5] multiple-cavity resonant-type modulators as
well as broad-band traveling-wave electrode and phase-reversal
modulators.
A future investigation will attempt to practically realize the
optimal configurations identified in this paper. It is anticipated,
due to the resonant nature of the electrodes that the performance
of the optimized resonantly enhanced modulators may be sensi-
tive to fabrication tolerances. An investigation of this sensitivity
and methods to minimize its impact will also be conducted as a
future study.
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